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Objective: Test the ability of acidic fluoridated solutions to enhance fluoride (F) bound on
bacteria (1) and the effect of dentifrice consistency on plaque fluid F uptake (2).
Methods: (1) Streptococcus mutans isolates were grown in BHI medium (37 8C/18 h). Bacteria
were washed either with EDTA or CaCl2 both at 1 mM to remove or add calcium, respec-
tively. Pellets were incubated with 12 mM NaF at pH 4.5 or 7 for 1 min and F was quantified in
the lysates and supernatants with the electrode, after HMDS-facilitated diffusion. (2) A
randomized, double-blind, crossover clinical trial was performed in three phases with
nineteen adults (20–35 years) that used one of the dentifrices: commercial toothpaste
(1100 ppm F, pH7.0 and conventional viscosity (Sorriso Fresh1)); experimental liquid denti-
frice (ELD) (1100 ppm F, pH7.0 and low viscosity [1.1% carboxymethylcellulose (CMC)]) and
ELD (1100 ppm F and high viscosity pH7.0 (2.2% CMC)). F concentration in plaque fluid was
analyzed using an inverted F electrode.
Results: (1) Significantly higher F amounts were detected in the lysates of bacteria incubated
with NaF solution at pH4.5 compared to the supernatant, which was not seen at pH7.0, being
this effect calcium-dependent. (2) Significantly higher F concentrations in plaque fluid were
found 1 h after toothbrushing compared to 12 h, but no significant differences were seen
among the toothpastes.
Conclusions: F at low pH binds more efficiently to S. mutans than at neutral pH and dentifrice
viscosity does not interfere in plaque fluid fluoride incorporation.
Clinical significance: pH of the dentifrice but not consistency may be important to F uptake in
plaque.
# 2014 Elsevier Ltd. All rights reserved.
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In early childhood, the excessive fluoride (F) intake can lead to
dental fluorosis. The ingestion of conventional (1100 mgF/g)* Corresponding author. Tel.: +55 14 32358346; fax: +55 14 32271486.
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0300-5712/# 2014 Elsevier Ltd. All rights reserved.dose.1 Therefore, a possible alternative would be the use of
low-F (around 500 mgF/g) dentifrices. However, only few
studies assessed the primary dentition and there is still
uncertainty about the effectiveness of low-F dentifrices to.A.R. Buzalaf).
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1000 mgF/g).2,3 Thus, strategies have been proposed to increase
the anticaries efficacy of low-F dentifrices such as the addition
of sodium trimetaphosphate4–7 and the pH reduction.8–10 The
decrease of the pH is able to enhance salivary F concentrations
after brushing, without changing F bioavailability.11 Further-
more, a low-fluoride (500 mgF/g) acidic (pH 4.5) liquid dentifrice
was developed and tested in two clinical trials, the first
being conducted with 4-year-old children for 20 months
and only considering caries progression rates (dmfs)12 and
the second with 2–4-year-old children for 12 months,
considering children’s caries activity.13 The 550 mgF/g acidic
liquid dentifrice led to similar caries progression rates (dmfs)
and caries net increment as the 1100 mg/g F liquid dentifrice.
The dentifrices were applied using the ‘‘drop’’ technique,14
which reduces the amount of F ingested, as reflected by the
reduced nails F concentrations in both studies.13,15 The pH
and low viscosity of the dentifrice led to increased F uptake in
whole plaque.13,15
The mechanisms by which the reduction of the pH could
increase the anticaries efficacy of the dentifrice are not
completely understood so far. The increased formation of
CaF2-like deposits was suggested.
16 However, a recent study
revealed that at least in the concentration range of 550–
1100 mgF/g, the deposition of alkali-soluble F is not increased
by pH reduction.17 Another plausible hypothesis would be the
potential of acidic dentifrices to enhance plaque F uptake, as
was observed in previous studies.9,15,17 It is possible that the
lower pH leads to F uptake in more stable sites within plaque,
such as bacteria surface, but this hypothesis was never tested
before. The clinical efficacy of topical fluoridated products is
directly related to the intraoral F levels and plaque is an
important F reservoir.18 Plaque F reservoirs can be divided into
two broad types, both of them involving calcium (Ca): the
mineral calcium fluoride (CaF2) and biologically/bacterially
bound calcium fluoride deposits (–Ca–F), in which the
retention of F is done through cation bridging.19 Dental plaque
has considerable calcium-binding capacity, which is predom-
inantly phosphate group-based, especially in lipoteichoic and
teichoic acid presented in the bacteria surface.20 The cell
envelope may act as calcium buffer and moderate the
potentially bactericidal and bacteriostatic effects of increased
plaque-fluid calcium concentration at low plaque pH.20 In
addition, release of F, bound by calcium bridging, into plaque
fluid, as a result of salivary F clearance or of a fall in pH, will
potentiate the cariostatic effect of increased plaque-fluid
calcium concentration.19 Domon-Tawaraya et al.21 showed
that short-time F exposure prior to sugar challenge inhibits
acid production by Streptococcus mutans and S. sanguinis in the
presence of divalent cations, probably because F can bind to
bacterial cells efficiently via divalent cations and can be
released from bacterial cells during sugar fermentation. These
authors have shown that more F can be bound to bacterial cells
via Ca2+ than via Mg2+ in the range of 250–950 ppm F,
suggesting different binding efficiency and mechanisms
between Ca2+ and Mg2+.
Based on the above considerations, this study was carried
out to test two null hypotheses: (1) the potential of acidic liquid
dentifrices to enhance plaque F uptake is not related to its
ability to enhance the amount of F bound on bacteria (in vitroleg) and (2) the low viscosity of the dentifrice does not
influence F uptake in plaque (clinical leg).
2. Materials and methods
2.1. In vitro leg of the study
2.1.1. NaF, EDTA and CaCl2 solutions
A solution containing 12 mM NaF (228 mgF/mL)22 was prepared
and adjusted at pH 4.5 or 7.0 using 0.1 M hydrochloric acid and
1 M sodium hydroxide, respectively.
EDTA and CaCl2 solutions both at 1 mM were employed to
either quelate or add Ca2+ to bacterial solution-based plaque,
respectively. Ca2+ concentrations in human resting saliva
range from 0.5 to 2.8 mM and those in plaque fluid range from
2.7 to 2.8 mM.21 All reagents described above were obtained
from Merck KGaA (Darmstadt; Germany).
2.1.2. Bacterial strain growth
S. mutans clinical isolates were grown anaerobically in Brain-
Heart Infusion broth (BHI; Remel; Thermo Scientific; Waltham;
USA) at 37 8C for until 72 h, when reaches late-log growth
phase (optical density, OD, at 660 nm = approximately 1.4).
Bacterial cells were taken from the anaerobic chamber,
harvested by centrifugation (21,000  g for 15 min at 4 8C,
Universal 320R; Hettich-Mittel; Seestrasse; Switzerland)
washed twice with sterile phosphate buffer, followed by
sonication in ultrasonic water bath (UltraCleaner700; Unique;
Indaiatuba; Brazil) for 10 min at room temperature (RT) to
disrupt bacterial cells.
2.1.3. Short-time exposure of streptococcal cells to fluoride at
different pH
Bacterial cells at a density of 1  109 were incubated with either
EDTA or CaCl2 solutions for 1 min at RT. followed by centrifuga-
tion at 5000 rpm (24 8C) for 5 min to wash them out. After, the
pellets were incubated with 12 mM NaF at pH 4.5 or pH 7 for
1 min, simulating the time of brushing/mouthwashing. The
experimental groups were as follows: EDTA (calcium-free) + -
NaF pH 4.5; EDTA (calcium-free) + NaF pH 7.0; CaCl2 + NaF pH
4.5; CaCl2 + NaF pH 7.0. In each condition, the respective tube
was centrifuged and the supernatant was collected for further F
quantification. Pure water was added to the pellets and the
bacterial cell lysates were obtained by 10-pulses sonication
(Branson Sonifier cell disruptor B-30, Emerson Industrial
Automation, Danbury, USA).
2.1.4. Measurement of fluoride non-bound and bound to
bacterial cells
Non-bound and bound F were quantified in the supernatant
and lysates, respectively. Fluoride was measured using a
fluoride ion-specific electrode, after overnight hexamethyldi-
siloxane-facilitated diffusion23 as modified by Whitford24
using a F electrode (Orion Research, model 9409; Cambrigde;
USA) and a miniature calomel reference electrode (Accumet,
No. 13-620-79) connected to a potentiometer (Orion Research,
model EA 940; Cambridge; USA). The mean repeatability of the
readings, based on duplicate samples, was 95%. The standard
curve had a coefficient of determination 0.98.
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2.2.1. Study population
This randomized, double-blind crossover study was approved
by the Institutional Review Board of Bauru Dental School
(protocol 016/2009). Nineteen adults aged 20 to 35 years took
part in the study. The inclusion criteria were: teeth free of
caries, lack of participation in other researches in the last 3
months; lack of use of orthodontic appliances; and signature
of informed consent.
2.2.2. Study design
The study was performed in a crossover design, in three
successive phases, each lasting one week, with a bicarbonate
jet prophylaxis at the end of each week for total removal of
plaque. In each phase, the patients used one of the following
dentifrices: commercial toothpaste with 1100 mgF/g, pH 7.0
and conventional viscosity (Sorriso Fresh1; Colgate-Palmol-
ive; Sa˜o Bernardo do Campo; Brazil); experimental liquid
dentifrice (ELD) with 1100 mgF/g, pH 7.0 and low viscosity [1.1%
carboxymethylcellulose (CMC)]; ELD with 1100 ppm F and high
viscosity pH 7.0 (2.2% CMC). The factor studied was the
incorporation of F in dental plaque fluid in two levels (1 h and
12 h after toothbrushing), and toothpaste viscosity in three
levels (conventional, low and high). The response variable was
the concentration of F incorporated into the plaque fluid.
The volunteers brushed their teeth three times a day, with
about 0.5 g of dentifrice, using the transversal technique25 and
rinsed with 10 mL of water. Plaque samples were collected 1
and 12 h after toothbrushing. The F concentration in plaque
fluid was analyzed using a microanalysis technique, by the
inverted F electrode, after buffering with TISAB III, as
described earlier.26Fig. 1 – Fluoride concentrations in the lysates and
supernatants of clinical isolates of Streptococcus mutans
incubated with 12 mM NaF solution at pH 4.5 and 7.0 in
presence of 1 mM CaCl2. Two-way ANOVA and
Bonferroni’s post hoc test. Representative experiment
(n = 5) from four independent experiments performed
separately is shown. The results are shown as
mean W SEM of fluoride concentration (ppm). ** p < 0.001
indicates significant differences between lysate and
supernatant conditions of individual pH; ### p < 0.001 and
## p < 0.01 indicate significant differences between
different pH of either lysate or supernatant conditions.2.3. Statistical analysis
The software GraphPad Prism (version 4.0 for Windows,
GraphPad Software Inc., La Jolla, CA, USA) was used. After
meetingnormalityandhomogeneity criteria,datawereanalyzed
by two-way ANOVA and Bonferroni’s post hoc test ( p < 0.05).
3. Results
3.1. In vitro leg of the study
Both condition (lysate or supernatant) and pH presented
significant interaction. Significantly higher F amounts were
detected in the lysates of bacteria incubated with NaF solution at
pH 4.5 compared to the supernatant, in presence of CaCl2.
However, at pH 7.0 in presence of calcium, the supernatant
presented significantly higher F amounts compared to the
respective lysate (Fig. 1). In absence of calcium (presence of
EDTA), significantly higher F concentration was detected in the
supernatant compared to lysate in both pHs and no differences
inF levelswere found between lysates at pH 4.5andpH7.0 (Fig. 2).
3.2. Clinical leg of the study
Significantly higher concentrations of F in plaque fluid were
found 1 h after toothbrushing compared to 12 h (p < 0.01).
However, no significant differences were seen among the
toothpastes with different viscosities (p = 0.23) (Fig. 3).
4. Discussion
The present study was designed to provide additional
evidence regarding the mechanism by which liquid acidicFig. 2 – Fluoride concentrations in the lysates and
supernatants of clinical isolates of Streptococcus mutans
incubated with 12 mM NaF solution at pH 4.5 and 7.0 in
presence of 1 mM EDTA. Two-way ANOVA and
Bonferroni’s post hoc test. Representative experiment
(n = 4) from four independent experiments performed
separately is shown. The results are shown as
mean W SEM of fluoride concentration (ppm). *** p < 0.001
indicates significant differences between lysate and
supernatant conditions of individual pH; ## p < 0.01
indicates significant differences between different pH of
either lysate or supernatant conditions.
Fig. 3 – Plaque fluid F concentrations (mean, WDP, mM) 1 and
12 h after the last toothbrushing with the following
dentifrices: 1100 ppm F, pH 7.0 and conventional viscosity
(Sorriso FreshW); experimental liquid dentifrice (ELD)
containing 1100 ppm F, pH 7.0 and low viscosity (1.1%
CMC); ELD 1100 ppm F, pH 7.0 and high viscosity (2.2%
CMC).
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neutral and with usual consistency ones. The mechanism of
action of F to prevent dental caries in vitro using pH-cycling
models is based on the F deposition (Alkali-soluble F) and
uptake (Acid-soluble F) on/in enamel.27 As CaF2-like deposits
on enamel could be easily released to the solution or
incorporated as fluorapatite-like mineral, in the study of
Cardoso et al.17 the biopsy was performed directly after the
treatment. The results confirmed the hardness data, i.e., the
effect of [F], especially for 5000 mgF/g, with no impact of the pH
on enamel F deposition. CaF2 deposition might be more
correlated to the effect of F dentifrice on enamel surface rather
than on subsurface demineralization. Besides, previous
studies have shown that fluoride acidic dentifrices induce
an increase in fluoride uptake by enamel rather than F
deposition.9 So, another plausible hypothesis would be the
potential of acidic dentifrices to enhance plaque F uptake, as
has been observed before.9,15,17 Hellwig et al.28 also stated that
a three-layer structure of the enamel coating after application
of a highly concentrated amine fluoride product consists of a
top surface layer of CaF2, an intermediate layer of calcium
hydroxide, and an inner layer of acid-resistant apatite species
(FAp). It might be speculated that after dissolution of the upper
CaF2-layer these remaining acid-resistant apatites can protect
enamel from further dissolution.
The clinical efficacy of topical fluoridated products is
directly related to the intraoral F levels and plaque is an
important F reservoir.18 Dental plaque has considerable
calcium-binding capacity, which is predominantly phosphate
group-based, especially in lipoteichoic and teichoic acid
presented in the bacteria surface.20 It has been suggested
that release of F, bound by calcium bridging into plaque fluid,
as a result of salivary F clearance or of a fall in pH, can
potentiate the cariostatic effect of increased plaque-fluid
calcium concentration.19
It was hypothesized that the higher concentration of HF in
the acidic dentifrice would lead to higher amounts of Fcrossing the bacteria membrane.17 When pH is neutralized,
then F would leave the interior of the bacteria and could bind
Ca at the bacteria surface, forming Ca-F bonds.19 One of the
aims of the present study was to provide experimental
evidence on this hypothesis. For this purpose, we treated S.
mutans clinical isolates with fluoridated solutions at different
pH, simulating the clinical situations (toothbrushing/
mouthwashing). Moreover, incubation was performed in the
presence or absence of calcium, in order to evaluate the role of
this ion in fluoride binding.19 We detected significantly higher
F concentrations in the lysates of bacteria incubated with NaF
solution at pH 4.5, in presence of CaCl2, when compared to
those detected in the lysates incubated with NaF solution at
pH 7.0, which gives support to our hypothesis. In the absence
of F, divalent cation binding to plaque is bidentate. It is
suggested that F, by competing with macromolecular anionic
groups, causes calcium binding to become monodentate. This
allows the binding of double the quantity of cations (and of
further F).19 The low-pH of the solution could have promoted
more calcium binding to become monodentate by the competi-
tion of hydrogen ions and dislocation of cationic groups.
Although Tokura et al.29have found that acidic pH leads to less F
diffusion into plaque in the short term when compared to pH
7.0, and this might be due to protonation of bacteria cell surfaces
that leads to binding of ionized portion of F, probably this F acts
as a reservoir, being released slowly. Therefore, upon a
cariogenic challenge, this F can be released and act on enamel
remineralization when its action is most needed. In addition,
this in vitro study confirms the findings of the clinical study of
Cardoso et al.13, which found less caries increment when a low F
and low pH (4.5) dentifrice was used, in respect of a dentifrice
with the same concentration of F but pH 7.0.
Duckworth et al.30 reported that mean saliva and plaque F
concentrations were inversely associated with mean three-
year caries increments of children using three fluoride-
containing dentifrices (0, 1000, 1500, and 2500 mgF/g as sodium
monofluorophosphate).30 This suggests that oral F concentra-
tion measurements are a valuable in vivo method to analyze
the anti-caries efficacy of fluoride-containing dental products.
The second leg of the study was planned to address whether
the dentifrice consistency could have an effect on plaque F
uptake. A previous report from our group indicated that less
consistent (liquid) dentifrices would increase fluoride uptake
in whole plaque when compared with a commercial tooth-
paste. However, the formulations of the liquid dentifrices and
commercial dentifrice were different, which could have been
responsible for this finding.15 Thus, in the present study, we
employed besides the conventional commercial dentifrice
other two experimental liquid dentifrices with identical
formulations, except for their consistency that varied accord-
ing to the concentration of CMC added. We observed that
plaque fluid F concentrations were significantly higher 1 h
after toothbrushing compared to 12 h, which is in agreement
with previous studies31–33, although no significant differences
could be seen among the dentifrices consistencies. Thus, the
null hypothesis that the low viscosity of the dentifrice could
lead to an increased F uptake was rejected. It should be noted
that the results of the present study might be more reliable
and meaningful than those reported by Buzalaf et al.15 not only
because the formulations of the tested dentifrices were
j o u r n a l o f d e n t i s t r y 4 3 ( 2 0 1 5 ) 2 1 9 – 2 2 4 223similar, but also because plaque fluid F concentrations are
more accurate to determine the interaction and dynamics
between this ion and enamel, when compared to the
concentration found in whole plaque.18
Based on our results, it can be concluded that F at low pH
binds more efficiently to S. mutans than at neutral pH in a
calcium-dependent manner in vitro and that the dentifrice
viscosity does not interfere in the plaque fluid F incorporation
in vivo. Additional studies should evaluate if dentifrices with
low pH and low viscosity could lead to increased fluoride
uptake in S. mutans and plaque fluid in clinical conditions.
Registration number and name of trial registry: RBR-25b7xh;
Efeito do pH, da consisteˆncia e da concentrac¸a˜o de flu´ or
presente em dentifrı´cios lı´quidos no controle de ca´rie em a´reas
fluoretada e na˜o fluoretada: estudos clı´nicos randomizados.
Where the full trial protocol can be accessed: http://www.
ensaiosclinicos.gov.
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